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In the case of Streptococcus saliuarius, the rate of synthesis and secretion of GTF, can be enhanced up to 6000-fold by conditions that perturb the cell membrane, in many cases by increasing the rate of incorporation of octadecenoic acid (C, : into the membrane lipids. For instance, a transitional increase in GTF, production following a step up in K+ concentration led to our observation that the ratio of octadecenoic to octadecanoic fatty acid (the C18:1/C18:o ratio) of the membrane lipids of S. salivarius could be directly correlated with the degree of stimulation of GTF, expression under these conditions (Markevics & Jacques, 1985) . This correlation has recently been shown to hold for GTF, expression in S. sanguis when grown in the presence of ionophores (West et al., 1987) . Such observations have led us to postulate that lipid packing may play a role in modulating or controlling GTF, synthesis and secretion in S. salivarius by a process which may be unique to the expression of these enzymes (Pitty [nke Markevics] & Jacques, 1987; West et al., 1987) . Interestingly, recent evidence also suggests that lipids may function in the translocation of proteins across the E. coli cytoplasmic membrane (de Vrije et al., 1988) .
The experiments with streptococci, however, raise a number of questions relating not only to the effects of K+ but also to the effects of Na+ on the expression of GTF,. For instance, the same level of GTF, expression occurred when S. sanguis was grown in a complex medium containing 100 mM-Na+ (undefined K+ concentration) as when it was grown in one containing 100 mM-K+ (undefined Na+ concentration) (West et al., 1987) . This contrasts with previous reports that the secretion of GTF, in S. sanguis was inhibited by Na+ and that a high K+ concentration ( > 100 mM) as well as a high K+/Na+ ratio was necessary to ensure GTF, synthesis and secretion (Keevil et al., 1983 (Keevil et al., ,1984 . At face value these results with S. sanguis appear contrary to our own finding that a greater rate of GTF, expression occurred when S. salivarius was grown in Na+-rich medium (218 mM-Na+, 1-46 mM-K+) rather than semi-defined medium rich in K+ (31 mMNa+, 184 mM-K+) (Markevics & Jacques, 1985) .
In the studies with S. sanguis neither the Na+ nor the K+ concentration was independently regulated in the complex growth media used, nor were the rates of GTF, expression determined. In the case of S. salivarius only the K+ concentration could be altered in Na+-rich medium. Thus to date it has not been possible to examine any independent role for either Na+ or K+ in modulating GTF, expression in either streptococcal species. By developing a well buffered defined medium in which the Na+ concentration was reduced to 0.1 mM, we have been able to investigate the effect of K+ on GTF, production in an environment virtually depleted of Na+. The ability to regulate the Na+ concentration in this medium has also enabled us to confirm that this ion is capable of promoting GTF, production in S. salivarius once the bacterium has adapted to the presence of the ion in the growth medium. However, unlike K+, Na+ stimulated GTF, production in a persistent manner and without any change in the fatty acid species of the membrane lipids.
METHODS
Bacterial strain and growth conditions. Streptococcus salivarius ATCC 25975 was used throughout these studies. Semi-aerobic batch cultures (1 1 ml) were grown without shaking in capped test tubes (14 mm internal diameter; 22 ml) at 37 "C. Growth was monitored with a Coming colorimeter model 252 using a 600 nm filter (Evans Electroselenium). Three media were used : semi-defined medium (Jacques, 1983), Na+-rich medium (Markevics & Jacques, 1985) , or a well buffered Na+-and K+-'free' medium (AP, ,-medium). AP, ,-medium was buffered with ammonium phosphate buffer pH 7.6 made 100 mM with respect to phosphate and contained glucose (25 mM) as the limiting nutrient. Other than various vitamins (pg ml-l: pyridoxine, 1 ; thiamin. HC1,4; calcium pantothenate, 4; riboflavin, 4; nicotinamide, 2; p-aminobenzoic acid, 0.2; biotin, 0.1 ; folic acid, 0.1), bases (pg ml-l: adenine, 20; guanine, 20; uracil, 20) and salts (pg ml-l: MgS04.7H20, 200; FeS04.7H20, 40; MnS02.2H20, 1.5; NH4HC03, 500, KC1, variable concentration; sodium phosphate, pH 7.0, variable concentration), AP, ,-medium also contained 1 1 L-amino acids (Sigma and/or Calbiochem) (arginine, lysine, isoleucine, leucine, methionine, tryptophan, tyrosine and histidine each at 1 mM and glutamic acid, glycine and cysteine at 3 mM). The K+ and Na+ concentrations were varied by adding the appropriate amount of 1 M -K C~ or sodium phosphate buffer pH 7-0 made 1 M with respect to Na+. Reversing the anion species in the K+ and Na+ compounds did not influence the results obtained.
The bacteria required for non-proliferating cell suspensions were grown without shaking in 100 ml of Na+-rich medium containing 1 mM-K+ in 250 ml screw-capped bottles. The cells were harvested at mid-exponential phase and processed as previously described (Markevics & Jacques, 1985) . Alternatively, 100 ml cultures of AP, ,-medium containing 2 mM-K+ and 0 or 100 mM-Na+ were used. Unless otherwise indicated, the inocula for these cultures were grown in the same medium to maintain a strictly defined concentration of K+ and Na+ in the final cultures. At mid-exponential phase, cells from AP, , -medium were harvested by centrifugation (8000 g, 4 "C, 10 min), washed and resuspended in 5 ml of 10 mM-ammonium phosphate buffer pH 6.5 containing 10 mMMgS04, 2 mM-K+ and either 0 or 100 mM-Na+. Cells were stored on ice until used (within 10 min of harvesting) and then equilibrated to 37 "C for 3 min before addition to pre-equilibrated suspension medium. Cells were suspended to a concentration of 0.50 & 0.10 mg (dry weight) ml-l in 5 or 10 ml volumes of suspension medium containing 100 mM-phosphate as ammonium phosphate buffer pH 7.0, 0.8 mM-MgSO,, 50 mM-glUCOSe and the appropriate amino acids at the concentrations used in AP, ,-medium and incubated for 100 min at 37 "C. The K+ and/or Na+ concentrations were varied by the addition of appropriate dilutions of 1 M -K C~ or sodium phosphate buffer pH 7.0 made 1 M with respect to Na+ as described above for batch cultures.
Assay ofenzyme activity and analysis of fatty acids. The activity of GTF, (Jacques, 1983) and the fatty acid constituents of the membrane lipids (Markevics & Jacques, 1985) were measured as previously described. One unit of enzyme activity (U) was defined as the amount of GTF, that catalysed the incorporation of 1 pmol of the glucose moiety of sucrose into 75 % (v/v) ethanol-insoluble polysaccharide min-' .
Where appropriate, results are presented as the mean and standard deviation for all equivalent experiments. The number of these experiments is given by 'n'. Where linear regression analysis is performed on the data, the correlation coefficient, r, and the level of significance, P, are calculated.
In batch culture, the specific rate of product formation, qp, is given by:
where p is the final product concentration; po is the initial product concentration; X, is the initial number of bacteria inoculated into the growth vessel; p is the specific growth rate and t is the time interval betweenPo andp (Pirt, 1975) . This equation can be directly applied to GTF, production where the enzyme accumulates in proportion to cell mass (Pitty (nke Markevics) & Jacques, 1987) allowing the specific rate of GTF, production to be calculated in mU (mg dry weight)-' h-l .
Determinationof[Na+] and [K+].
The Na+ and K+ concentrations in AP1 ,-medium devoid of added Na+ and K+ were determined using atomic absorption spectrometry (Varian Techtron). Standards were prepared using oven dried KCl or NaCl containing CsC12 (1 mg ml-l) as a background quenching agent.
RESULTS

Development of a Na+JK+-lfree' medium
In order to study the effects of Na+ and K+ on GTF, production we aimed to devise a well buffered medium in a glass vessel with Na+ and K+ concentrations each at or below 0.5 MM. Since the hydrolysed casein used in the Na+-rich medium was contaminated with 23 mM-Na+, it was replaced by a defined mixture of 11 amino acids. In the presence of 50 mM-K+ and the absence of Na+, eight of these amino acids, glutamic acid, cysteine, glycine, methionine, histidine, lysine, leucine and isoleucine, were found to be the minimum number essential for maintaining a t d of less than 60 min under semi-aerobic conditions. Deletion of any one of these amino acids severely lengthened the td of the cells or resulted in the cessation of growth. This effect on the t d could not be reversed by the replacement of any one of the above amino acids with valine, threonine, arginine, phenylalanine, tryptophan, tyrosine, aspartic acid, alanine, proline, glutamine, serine or hydroxyproline. The other three amino acids, arginine, tryptophan and tyrosine, were found to be essential for maximal production of GTF, activity by S. salivarius. Although a number of different buffer systems was explored, only the one based on ammonium phosphate fulfilled the required growth criteria and did not inhibit GTF, activity. Atomic absorption analysis of AP, ,-medium showed that it contained <0.01 mM-K+ and 0.10 mM-Na+. As the phosphate level was kept at 100 mM, this gave rise to an NH,+ concentration of 182 mM. Efect of Na+ and K+ on the t d of S . salivarius grown in AP1 ,-medium When the concentrations of Na+ and K+ in AP,,-medium were independently altered, significant changes in the t d of the cells were noted (Table 1) . Not surprisingly, K+ was required for growth. Increasing the K+ concentration, in the absence of added Na+, decreased the mean t d from 84 min (n = 12) at 2 mM to 46 min (n = 5) at 25 mM-K+. A further increase in the concentration of K+ resulted in a slight increase in the mean td. Interestingly, when the concentration of K+ was 2 mM, the addition of 10 mM-Na+ decreased the mean td from 84 min (n = 12) to 63 min (n= 3). However, as the Na+ concentration increased above 10mM, substantial increases in the mean t d were observed (Table 1) . From these results it was predicted that concentrations of 25 mM-K+ and 10 mM-Na+ should give the shortest t d for S . salivarius grown in AP1 ,-medium. Although this was not rigorously tested, cells grown in such a medium gave a mean t d of 33 min (n = 3) which was equivalent to the shortest mean t d we have observed in any medium used for the growth of S. saliuarius. Thus, by adjustment of the concentrations of Na+ and K+, conditions were defined in which neither the high concentration of NH,+ nor the limited levels of amino acids could be considered detrimental to growth in AP, ,-medium (Table 1) .
Efect of Na+ and K+ on the rate of GTF, production in batch culture Cells from a culture grown in API ,-medium containing 25 mM-K+ and no Na+ were inoculated into AP, ,-media containing 25 mM-K+ and one of a range of Na+ concentrations between 0 and 100 mM. As the cultures entered stationary phase, they were reinoculated into fresh media containing the same concentrations of K+ and Na+ as in the first growth cycle and again allowed to grow to early stationaj phase. In the first growth cycle, the rate of GTF, production was suppressed by the addition of Na+, with the greatest effect at the lowest concentration (25 mM) (Fig. 1) . In the second growth cycle the cells appeared to have adapted to the Na+ present in the media since the t d for each condition was reduced by an average of 18%. At 100 mM-Na+, the rate of GTF, production in the second cycle was stimulated approximately twofold, while at 25 mM-Na+ little to no change in GTF, expression was apparent (Fig. 1) .
Further experiments showed that no change in the rate of GTF, production occurred in AP, ,-medium devoid of Na+ irrespective of the K+ concentration (within the range 2 -5 0 m~) provided the cells had first been adapted to grow at a given concentration of K+. A similar phenomenon has previously been observed with Na+-rich medium (Markevics & Jacques, 1985) . While the rate of GTF, production in AP,,-medium devoid of added Na+ was
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25 50 75 100 Na' concentration (mM) Fig. 1 . Effect of Na+ on the rate of GTF, production in batch culture. Cells grown in the presence of 25mM-K+ and the absence of Na+ were inoculated into medium containing five different concentrations of Na+. The rate of GTF, production during the first ( 0 ) and second (m) growth cycle was determined as the cultures entered stationary phase. Each data point represents the mean of duplicate experiments.
However the latter value for GTF, expression in Na+-rich medium represents a similar enhancement over its corresponding K+-rich counterpart (semi-defined medium) in which the rate of GTF, expression is 174 +_ 94 mU (mg dry wt)-l h-l (n = 20).
Eflect of Na+ and K+ on GTF, production in non-proliferating cell suspensions While the concentration of K+ had no effect on GTF, production in AP, ,-medium, we knew from our previous studies with Na+-rich medium that changing from a low to a high K+ concentration causes a transient increase in GTF, production (Markevics & Jacques, 1985) . The effect of similarly stepping up the K+ concentration in non-proliferating cell suspensions based on AP, ,-medium was therefore evaluated. When cells were grown initially in AP, ,-medium in the presence of 2 mM-K+ either with or without 100 mM-Na+, those cells grown in the presence of 100 mM-Na+ and resuspended in the same Na+-ionic environment produced significantly more GTF,. In both cases, however, GTF, production was enhanced by stepping up the K+ concentration and approached a maximum at 100 mM-K+ (Fig. 2) . Double reciprocal plots of the means of these data gave two straight lines (r = 0-993 (P < 0.001) and r = 0.999 (P I 0.001) for cells grown in the presence or absence of 100 mM-Na+ respectively -data not shown), indicating that GTF, production outlined the two rectangular hyperbolas shown in Fig. 2 following a step up in K+ concentration.
In the converse experiment, GTF, expression was suppressed when 100 mM-Na+ was added to cells that had been initially grown in the absence of Na+. This was the case regardless of the final K+ concentration, though GTF, production still increased following a step up in the level of K+ (Fig. 3) .
The fact that a step up in the concentration of K+ from 1 mM to 100 mM led to an increase in GTF, expression that was only transitory was shown by inoculating cells from non-proliferating cell suspensions into batch cultures containing the same concentrations of K+ and Na+ and noting that the rate of GTF, expression returned to the basal levels discussed above (data not shown). Influence of A P , ,-medium on the fatty acid profile of S. salivarius
The membrane lipids of cells grown in AP1 , -medium contained far more saturated fatty acids than cells grown in Na+-rich medium irrespective of the K+ concentration (Table 2) . Raising the concentration of K+ from 2 mM to 50 mM in AP, ,-medium resulted in the restructuring of the membrane to a more unsaturated state. This increase in unsaturation, however, was not as pronounced as that observed in Na+-rich medium following a similar increase in K+ concentration (Table 2) . In contrast to these effects of K+ on the membrane lipids, the addition of 100 mM-Na+ to AP, ,-medium had no effect on the degree of unsaturation (Table 2) . The increase in saturated fatty acids, brought about by growth of S. salivarius in APllmedium, allowed the relation between GTF, production and a low C18:1/C18:o ratio to be evaluated following a step up in the concentration of K+. Although the data fitted poorly to the line of best fit previously obtained (Fig. 4a) , the combined data gave rise to an apparent biphasic plot with a transition occurring at a C18 :JC18 :o ratio of about 2.5 or at a U/S ratio of about 0.65 (Fig. 4b) .
DISCUSSION
In S . faecalis, the induction of an ATPase with Na+/K+ antiport activity (the KtrII system) results in the extrusion of Na+ from the cell at high concentrations of Na+ (1 20 mM) (Kakinuma & Harold, 1985) . This antiport activity complements the constitutive Na+/H+ antiporter that operates at low levels of Na+ (Kakinuma, 1987) . The induction of a similar alternative Na+ extrusion system may also occur in S . salivarius, for when 100 mM-Na+ was added to cells growing in AP1 ,-medium there was an initial reduction in the rate of GTF, production and an increase in the mean td consistent with Na+ acidification of the cytoplasm and a downturn in metabolic function (Heefner, 1982; Rosen, 1986; Kakinuma, 1987) . Continued growth in the presence of 100 mM-Na+ led to an adaptive response to the new ionic conditions. During the second growth cycle in batch culture (Fig. 1) the td of the cells decreased and GTF, production was enhanced approximately twofold over that in the absence of added Na+. The enhanced rate of GTF, expression in S. salivarius, once cells had adapted to grow in the presence of 100 mMNa+, did not correlate with any change in the unsaturation of the membrane lipids (Table 2; Markevics & Jacques, 1985) . However, this enhancement in the rate of GTF, production by Na+ was not transitory, but remained stable, unlike the situation when the concentration of K+ was altered.
L . J . P I T T Y A N D N . A . JACQUES
While the energetics of protein secretion has been linked to Ap (PagGs & Lazdunski, 1982; Bakker & Randall, 1984 ; Yamane et a f . , 1987) and K+ influx into the cell is known to influence directly the magnitude of the components of Ap (Kashket et a f . , 1980; Bakker & Mangerich, 1981; Sat0 et al., 1987) , it is difficult to envisage why enhanced GTF, production is only transitory following a step up in the concentration of K+ if the rate of GTF, secretion is linked to the magnitude of Ap or its components. On the other hand a step up in K+ concentration results in a restructuring of the membrane. It is during this transition that the membrane attains a more unsaturated state and that GTF, expression is enhanced. Once the cells have adapted to a given K+ concentration the increased rate of GTF, production ceases (Markevics & Jacques, 1985;  this study). It is following this period of enhancement that the c 1 8 :l/C1s :o ratio is linearly related to the increased amount of GTF, that has been expressed. In the present study the low U/S ratio of cells grown in AP1 -medium allowed this relation to be examined at relatively low levels of GTF, production. When combined with results previously published (Markevics & Jacques, 1985) , the relation between the :1/c18 :o ratio and GTF, production plotted in an apparent biphasic manner. It would therefore appear that the earlier data were unable to discriminate this change at high levels of membrane lipid saturation. Interestingly a transition at a U/S ratio of about 0.65 was also noted for GTF, production when S. salivarius was grown in continuous culture (Pitty [nCe Markevics] Jz Jacques, 1987) . Whether this indicates a change in the lipid species is not known.
To conclude, there is now a growing body of evidence to support our working hypothesis that it is during the perturbation and/or restructuring of the membrane lipids in S . safiuarius that enhancement of GTF, synthesis and secretion occurs. However, any mechanistic relation between perturbation of lipid packing and/or the role of ATP and/or Ap on the secretory pathway for GTF, must await further investigation. The utilization of AP,,-and Na+-rich medium should be an invaluable aid in our understanding of this phenomenon, for these media support significantly different rates of GTF, expression in S . salivarius with correspondingly significantly different levels of unsaturated lipids.
